Proton Induced X-Ray Emission Analysis of Biological Specimens - Past and Future by Forslind, B. et al.
Scanning Microscopy 
Volume 5 Number 3 Article 27 
9-9-1991 
Proton Induced X-Ray Emission Analysis of Biological Specimens 
- Past and Future 
B. Forslind 
Karolinska Institute 
K. G. Malmqvist 
Lund Institute of Science and Technology 
J. Pallon 
Lund Institute of Science and Technology 
Follow this and additional works at: https://digitalcommons.usu.edu/microscopy 
 Part of the Biology Commons 
Recommended Citation 
Forslind, B.; Malmqvist, K. G.; and Pallon, J. (1991) "Proton Induced X-Ray Emission Analysis of Biological 
Specimens - Past and Future," Scanning Microscopy: Vol. 5 : No. 3 , Article 27. 
Available at: https://digitalcommons.usu.edu/microscopy/vol5/iss3/27 
This Article is brought to you for free and open access by 
the Western Dairy Center at DigitalCommons@USU. It 
has been accepted for inclusion in Scanning Microscopy 
by an authorized administrator of DigitalCommons@USU. 
For more information, please contact 
digitalcommons@usu.edu. 
Scanning Microscopy, Vol. 5, No. 3, 1991 (Pages 877-884) 0891-7035/91$3.00+ .00 
Scanning Microscopy International, Chicago (AMF O'Hare), IL 60666 USA 
PROTON INDUCED X-RAY EMISSION ANALYSIS OF BIOLOGICAL SPECIMENS -
PAST AND FUTURE 
B. Forslind 1••, K.G. Malmqvist 2 and J. Pallon2 
1Experimental Dermatology Research Group, Department of Medical Biophysics, 
Karolinska Institute, Stockholm, 
#Department of Nuclear Physics, Lund Institute of Science and Technology, Lund, Sweden 
(Received for publication May 25, 1991, and in revised form September 9, 1991) 
Abstract 
Proton induced X-ray emission (PIXE) analysis is a 
comparatively new member of the family of spectro-
graphic methods . In the last decade PIXE techniques 
have been applied to biological problems with great 
success. This review gives a condensed presentation of 
recent developments in biological (medical, zoological, 
and botanical) applications of PIXE analysis with special 
focus on factors which commonly influence the results, 
such as calibration, contamination, and preparation. The 
great advantage of PIXE analysis in studying physiologi-
cally important trace elements such as Zn, Mg, Fe, and 
Cu is underlined. Elemental mapping not only allows 
quantitative elemental analysis, but can also demonstrate 
the important differences in the morphological distribu-
tions of elements by comparing normal and pathological 
tissue. 
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Introduction 
The idea of proton induced X-ray emission (PIXE) 
analysis was conceived by Sven Johansson, at the time 
professor of nuclear physics at Lund University, Sweden 
and the first publication utilizing this technique was 
published in 1970 (17). (Actually, the acronym PIXE 
stands for "particle induced ... ", but the interpretation 
used here has turned out to be common in papers on 
application of the technique). The materialization of the 
principle was laid into the hands of two young students, 
Thomas B. Johansson and Roland Akselsson, who estab-
lished practical methods and theoretical principles for the 
method (1). Almost immediately the principle was 
adapted in other laboratories, and within less than a 
decade, PIXE became a most important method for the 
analysis of trace elements . Today a number of laborato-
ries all over the world are dedicated to PIXE analysis, 
and the first textbook on the PIXE technique that was 
published in 1988 (18) confirms that PIXE is now estab-
lished as an important tool in research and technical 
applications. 
The Technique 
At analysis the specimen is irradiated with a fo-
cussed beam of protons, generally derived from an ion 
source. The particles are accelerated to have energies in 
the MeV region and conventionally the beam is focussed 
onto the specimen by quadrupole magnets. The imping-
ing protons interact with inner shell electrons of the 
bombarded material, creating vacancies. As these va-
cancies are filled by electrons from outer shells, the 
characteristic X-ray quanta are emitted. The energy of 
these quanta is strictly defined by the energy difference 
between the shells in question, and thus strictly defined 
by the atom involved, i.e., representing an energy fin-
gerprint of the atom. From the accumulated X-ray spec-
trum, i.e., the number of X-ray counts as a function of 
the respective X-ray energies, qualitative and quantita-
tive data of the elements contained in the irradiated vol-
ume can be assessed. Thus the number of X-ray counts 
in a peak (peak area) divided by the number of protons 
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impinging on the irradiated volume is a function of the 
number of atoms of the corresponding element in that 
volume. The conspicuous advantage of this process is 
the fact that all elements giving signals above a certain 
sensitivity threshold will be simultaneously recorded by 
an energy-dispersive detector system (Fig. 1). This 
means that quotients between elements can be used to 
record elemental changes in the biological specimen with 
very high sensitivity . It is to be noted that the technique 
does not allow determination of the chemical nature of 
the elements involved, e.g., if they are in an ionized 
state or not. In many respects, the process is similar to 
the electron induced X-ray emission (EIXE) micro-
analysis as performed in a scanning electron microscope 
(SEM) or a scanning transmission electron microscope 
(STEM). The basic feature of PIXE is that the protons, 
with their great mass as compared to electrons, allow for 
a higher sensitivity than EIXE analysis, as the protons 
are virtually not retarded in relatively thin sections ( < 
20 µm) by the specimen mass. The background of the 
continuous X-ray spectrum is minimized. In general the 
sensitivity level of PIXE is < 10 ppm (parts per mil-
lion), whereas the EIXE sensitivity has a practical lower 
level of sensitivi ty around 200 ppm. Absolute quantita-
tive measurements are generally based on comparison 
with standards for both methods (9). However, after 
calibration the use of standards is not necessary in PIXE 
applications. 
During the last few years the increasing interest in 
applications of the PIXE technique has been manifested 
by the number of papers published. Initially hair was 
one of the favourite subjects, the reason being that this 
biological tissue is abundantly available and requires 
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little preparation aside from a sound rinsing procedure. 
With an augmented interest in the technique shown by 
botanists, zoologists, and members of medical faculties, 
a broader spectrum of biological applications is now at 
hand. Within the realm of our experience with the tech-
nique, we have chosen in this review to highlight some 
important contributions of the medical and biological 
interpretations. We also seek to outline a perspective of 
future applications of PIXE and PMP (proton micro-
probe) as the technical developments of this trace 
element method, including scanning techniques, are 
rapidly evolving. 
Calibration of PMP Systems 
In the analysis of trace element in biological sys-
tems, the sensitivity and the accuracy with which the 
analysis can be performed is crucial for the understand-
ing of the physiological effects encountered. We have 
tested the accuracy of the PMP technique, using a gela-
tin/glycerol standard to which known amounts of a Ni 
salt had been added, and at a beam cross-section of 150 
x 150 µm 2. It was demonstrated that the deviation 
between the true and the experimental value differed by 
approximately 10%, i.e., it was satisfactory (9). It was 
also shown that calibration can be performed with a fo-
cussed PMP beam using proper (commercial) standards 
(22). 
Studies on Hair 
An early attempt at hair analysis was made by 
Cookson and Pilling in 1976 (4). When scanning the 
cross-section of a single hair fibre, they recorded 
conspicuous asymmetries in elemental distributions. The 
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copper distribution suggested a quantitatively dominant 
content in the cuticle part of the fibre, which suggests 
that this distribution may be due to contamination; this 
was also the conclusion reached by these authors (4) . 
Later studies by Bos (2) and Houtman et al. (13) have, 
indeed, not been able to confirm this distribution of cop-
per. This underlines one important aspect of trace ele-
ment analysis of hair and nail, namely the need for ef-
fective rinsing methods removing surface contamination, 
and a critical assessment of primary data obtained at 
analysis. Malmqvist et al. (24) reported corresponding 
asymmetrical distributions for zinc, iron, and calcium, 
whereas the distributions of sulfur and potassium were 
constant over the cross-section. 
Improvements of the technique for analysis of single 
hair fibres were provided by the doctoral works of Li in 
1983 (20) and Bos in 1984 (2) . Li's work mainly con-
centrated on a theoretical and experimental analysis of 
single fibre cross-section elemental quantitation , whereas 
the emphasis in Bos' work was on the longitudinal distri-
butions of elements and the applicability of PIXE to ele-
mental analysis in medical and environmental research. 
In Bos' work (2) there are some interesting details worth 
focussing on. In cross-sections taken from levels of the 
hair follicle below the surface of the skin, asymmetric 
elemental distributions are found for calcium, and iron. 
Potassium had an asymmetric distribution below 500 µm 
from the bottom of the follicle corresponding to levels 
below that of final hair fibre consolidation. Above that 
level, the remaining low potassium level was almost 
constant over the cross-section. This means that at this 
morphological level, contamination from external 
sources can be ruled out, and that the asymmetry in ele-
mental distribution is related to biological function. A 
final interpretation of the biological significance of these 
asymmetric elemental distributions remains to be pre-
sented. 
The asymmetrical distributions of elements underline 
previous findings from microradiographic and autoradio-
grapbic studies of sulfur (cystine) incorporation into the 
human hair follicle (7). Thus the main routes of sub-
stance incorporation are either via the root or via what 
morphologically looks like consolidated root sheaths. 
The existence of the latter, tentative pathway is based on 
indirect evidence from autoradiographic experiments (5) 
and has not yet been finally established beyond doubt. 
Bos stresses in his thesis (2) the difficulty to inter-
pret trace element data from hair samples, as the input 
varies in relation to the incorporation route . Also the 
removal of external contamination of non-virgin hair is 
a methodological problem which has not been without 
objections. 
The variation of elemental content in individual hair 
fibres has only partly been a subject of discussion. In a 
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population study on healthy individuals in the range 6 -
60 years, using triplicate samples from each individual, 
Forslind et al. (10) showed that the sulfur content of 
fibres from the same individual could vary as much as 
± 1 % around a mean value . It is interesting to note 
that the mean value of the investigated population was 
4.9 % which is in very good agreement with data obtain-
ed from other methods (16). Sulphur is therefore proba-
bly not a good internal standard compared to zinc, which 
appears to be more constant in individuals and within the 
population . The discrepancies can to a certain degree be 
related to the algorithms used at quantitation. The thick-
er hair fibres often do not approximate to the prerequi-
site of a homogenous mass cross-section, and the paper 
(10) discusses the methodological and biological sources 
of errors. 
Genetical disorders involving the integument are 
often involving neurological disorders, including mental 
deficiencies as well. In view of the prospect at hand for 
families ridden by genetically based disorders, clinical 
genetic counselling is provided, as based on biochemi-
cal, chromosomal, and clinical investigations . This arse-
nal of techniques naturally would benefit from the use of 
hair as an additional and convenient source of informa-
tion, obtainable without scarring and appreciable pain. 
To investigate the feasibility of hair analysis , SEM 
investigations were supplemented with PIXE analyses of 
hair fibres (11). Performed on a small number of indi-
viduals, the investigation suggests that the copper/zinc 
(Cu/Zn) quotient may be a marker for abnormality as is 
a low sulfur value. This point was further supported by 
a more recent study in this area (12). 
Studies on Skin 
The epidermis of the skin is a stratified cellular 
structure less than a tenth of a millimeter thick in man 
and in many of the animals used in experimental derma-
tology. Not only stratified but also a tissue composed of 
a gradient of differentiating cells, the epidermis is vir-
tually impossible to study in vivo from a physiological 
point of view, as the exact localization of a physiological 
probe in the living tissue is extremely difficult to assess 
and to reproduce. Using freeze-quenching for fixation 
followed by cryo-sectioning and freeze-drying, inert 
preparations can be obtained for elemental analysis with 
particle probes (Fig. 2). From a physiological point of 
view, the simultaneous recording of all elements in the 
probed volume allows the formation of concentration 
quotients, i.e., Na/K, which are sensitive markers for 
physiological changes in the tissue . Our initial electron 
microprobe (EMP) investigations using energy-
dispersive analysis (EDX) bad demonstrated that the 
basal cell layer of the epidermis was unique in maintain-
ing a normal Na/K quotient, which was conspicuously 
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changed in the cellular layers above, indicating a failure 
of the Na/K pumps of the cellular membranes (35). 
These data fit nicely with the change from an aerobic 
glycolysis in the basal cell layer to the anaerobic meta-
bolic conditions of the overlaying cellular strata ( c. f., 
Long (21)) where phospholipids are consumed in the 
production of ATP. Starting from these studies, investi-
gations of the feasibilities of combining EMP and PMP 
for elemental analysis were undertaken (9). It could be 
demonstrated that the two techniques are indeed comple-
mentary. The main advantage of the EMP/EDX tech-
nique is its availability and acceptable sensitivity in the 
Na-region of the emission spectrum. The PMP is cer-
tainly stronger in the trace element region, i.e., 
concentrations below 200 ppm. However, quantitative 
determination of Na in the X-ray spectrum is difficult 
due to weak signal levels, mainly due to absorption in 
the detector window of the low energy Ko: -signals of Na. 
Thus for a study of Na, K, Cl, S, and P, the EMP/EDX 
is more advantageous from a practical and economical 
point of view. If the interest is focussed on elements 
close to the EMP/EDX detection limit, e.g., < 200 ppm 
involving Ca and Mg or trace elements such as Fe and 
Zn, the PMP is undoubtedly the method of choice (24, 
25). 
PMP analysis of Ca in normal human skin revealed 
an interesting profile. Moderate levels of calcium in the 
basal cell layer decreased in the bottom stratum 
spinosum layer, subsequently to increase continuously 
more than fivefold to the stratum corneum (24). More 
recently it was shown by Ponec et al. (32) that Ca levels 
above 0.1 mM are required for a full differentiation of 
cells into an orthokeratotic stratum corneum in tissue 
culture of keratinocytes. 
The trace elements Fe and Zn reside in the basal 
cell region in the normal human epidermis (25). In non-
involved and clinically normal looking paralesional 
psoriatic skin, neither Fe nor Zn levels drop below the 
50 ppm level as they do in the normal skin. In fact, in 
psoriatics , Fe appears to be approximately twice that of 
the highest level in normal skin (6). These preliminary 
studies imply that the PMP method can advantageously 
be used for the analysis of epidermal physiology in 
health and disease. 
Skin Penetration 
Penetration of heavy metal ions through the skin has 
been investigated with the PMP (8). Using a two-cham-
ber system for in vitro experiments with excised cadav-
erous human skin as a diffusion barrier, the penetration 
of Ni (as Ni2+) and Cr (as Cr2o/·) was studied. These 
investigations showed that the metals had different pene-
tration profiles in human skin. Whereas Ni accumulated 
in the stratum corneum, the Cr (chromate) penetrated the 
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barrier more rapidly on the relative time scale, and 
significant amounts were found at deeper levels of the 
skin. The actual cause of the observed penetration 
patterns of the two metal ions may be attributed to 
differences in charge, oxidating potentials, and in the 
size of the hydrated ion. We conclude that the PMP 
technique provided a sensitive method for trace element 
analysis in biological experimental systems. 
Nervous Tissue 
The nervous system is another important field for 
microprobe studies . The use of probes of a lateral 
resolution of 1-20 µm to determine trace elements in 
cells or cell strata may reveal many important biological 
facts, which at present is not possible with any other 
technique. The higher sensitivity of the proton probe 
extends this possibility over the electron probe. An 
early attempt to investigate the central nervous system 
was made by the Oxford group in 1984. They then 
demonstrated that elemental mapping with image proc-
essing may be used to identify white and grey matter in 
the human brain without use of traditional staining tech-
niques (14) . The ratio between sulfur and phosphorus 
displayed in a two-dimensional map showed approxi-
mately the same structure as an adjacent stained tissue 
section of human cerebellum . With increased resolution 
and suitable samples, this technique may be applied to 
single neurons and by exploiting the higher sensitivity, 
also trace elements may be studied. 
In various states of dementia there appear to be 
marked changes in the elemental content of the neurons: 
in the hitherto incurable Alzheimer's disease high con-
centrations of aluminum and silicon could be observed 
in the typical senile plaques found in patients post mor-
tem (30) . A recent, large epidemiological study indi-
cates a significant relationship between tap-water concen-
trations of aluminum and the occurrence of Alzheimer's 
disease (26). The determination of the elemental com-
position of the senile plaques will thus be of great inter-
est for the understanding of the etiology of this serious 
pathological state . The Oxford group has demonstrated 
elemental maps of such plaques (34) , but the number of 
analyzed samples is still far too low to allow any conclu-
sive interpretations. In a joint project, neuropathologists 
and physicists at Lund are in the process of systematical-
ly investigating senile plaques. Preliminary results show 
only in a few plaques increase of aluminum and silicon, 
while most plaques display no such elemental changes . 
The investigation will include samples also from patients 
who suffered from Down's syndrome, since they very 
often develop a state equivalent to that of Alzheimer's 
patients ( 19). 
Another interesting field in neuropathology are the 
malignant brain tumours (gliomas). The survival times 
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Figure 2. Elemental maps of a skin section displaying the relatively high concentration of sulfur (top) and phosphorus 
(bottom) in the epidermis compared to the dermal part of the section . The small panels (right) represent "smoothened" 
images derived from the original pixel displays (left). 
are very discouraging, with essentially no patients sur-
viving a few years after the diagnosis (3). In a study of 
brain tissue sampled during surgery, Macro-PIXE was 
used to reveal the elemental composition of apparently 
normal tissue, and of the cancerous tissue. The results, 
including several trace elements, demonstrate that signif-
icant transitions in elemental concentrations occur when 
passing from normal tissue across the tumour front and 
into the tumour centre (Salford L, Brun A, Tapper 
UAS, Swietlicki E, Malmqvist KG, unpublished obser-
vations). In this study it was also demonstrated that the 
survival time could be estimated with a high degree of 
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certainty by using a multivariate technique. The model 
includes all elements determined, and a few other fac-
tors. This method is of better prognostic value of the 
survival time than, for instance the patient's age alone. 
It is well known that younger patients survive longer 
than older ones (3). The use of multi-elemental methods 
in combination with novel multivariate statistical evalua-
tion could probably be very important in the under-
standing of this and other complex biological systems. 
The elements Ca, Zn, and Se show significant in-
creases when going from normal tissue to tumour tissue. 
In order to study this in more detail, scanning proton-
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microprobe analysis was used to investigate the particu-
lars of this elemental transition over the interface. 
Preliminary results from a 10 h scan over a tissue sec-
tion clearly demonstrate these transitions (29) . Further 
work is in progress to evaluate the details of these 
results . 
Animal models are for obvious reasons necessary to 
allow a systematical investigation of basal mechanisms 
in the human brain. In cerebral ischemia it is believed 
that calcium is an important mediator of cell damage 
(33). This is true when it comes to cell death in many 
conditions of man. Since the blood-brain barrier is only 
sparingly permeable to calcium, it has to be assumed 
that calcium is coming from extracellular fluid in the tis-
sue. In addition, since some neurons demonstrate a se-
lectively increased vulnerability to anoxia, it has to be 
assumed that these cells contain a high density of cal-
cium channels (15). For the investigation of changing 
concentrations of calcium (and other elements) the pro-
ton microprobe is an adequate technique since it can, in 
contrast to the electron probe, easily measure the normal 
cellular calcium concentration (23) . In a laboratory in-
vestigation at Lund, rats were exposed to ischemia under 
varying conditions, and the concentration of calcium and 
potassium was determined in selected parts of the hippo-
campus. Histological investigations have shown that 
special cell strata are particularly vulnerable to ischemia. 
The results from this study show that the total calcium 
concentration increases significantly in these cell strata 
and is accompanied by a concurrent increase in potas-
sium (27). The increase in calcium is detected before 
the actual cell death can be seen histologicall y. 
The same technique as in the ischemia study has 
also been used to investigate effects from epileptic 
seizures on vulnerable cells in the substantia nigra (15). 
In this case epileptic attacks were induced in rats, and 
various cell strata in substantia nigra were analyzed. 
These findings are consistent with those of ischemia, in 
that increased calcium and decreased potassium were 
determined in cells suffering necrosis . In a study in 
progress similar proton-probe measurements are carried 
out on rats with induced hypoglycemia . 
Botany 
Botany is a field in biology which is particularly 
well suited for proton microprobe analysis. The cells 
are normally relatively large, which allows analysis of 
various parts of single cells, even with a resolution of 
several micrometers . The samples are also normally 
easier to prepare than those of zoological tissue. Al-
though the PIXE method suits botany very well, only 
relatively few studies have been carried out. Examples 
of plants examined by PIXE are eucalyptus, grass , 
wheat, and pine . 
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An early interesting example of analysis of botanical 
samples is the investigation of wheat seed performed by 
the group in Melbourne (28). Sections of seeds were 
analyzed for elements such as Zn, Mg, Fe, Cu, and Mn, 
which are all co-factors in the activation of key enzymes 
for seed germination. 
At Oxford the mineralization of calcified tissue in 
grass has been investigated, using a combination of 
electron- and proton probes . The various states of 
development of the so-called macrohairs were analyzed, 
and it was shown that elements such as K and P were 
continuously replaced by Si during the maturation of 
these hairs (31) . 
At present, investigations are in progress to study 
the distribution of aluminum and other elements in the 
root tips of bean plants, e.g., to relate the observed 
effects from aluminum on the plants growth rate. The 
problems of increased acidification in soil have made 
this a very interesting environmental problem , since the 
lower pH of soil increases leaching of Al and thereby in-
creases Al uptake in plants with potentially toxic effects. 
Future Prospects and Conclusions 
With the development of the particle probes, the 
capacity of combining scanning with quantitative analysis 
and increased lateral resolution will further extend the 
potential of the technique for quantitative trace element 
determination, very well aimed for studies of biological 
systems, e.g., single cells. However, in order to 
maintain full trace element sensitivity, it is necessary to 
use as large a beam diameter as possible in each 
application, or the irradiation times will be intolerably 
long. Utilizing the possibility of zooming in on 
particularly interesting features, thereby limiting the 
number of studied pixels, it may, however, be possible 
to use a narrow beam for trace element determination, 
for instance for scanning within a single cell . 
The use of complementary methods for normaliza -
tion and imaging , e.g., STEM and Rutherford back-
scattering, is another advantage with the particle probe. 
It is also possible to monitor the occurrence of beam-
induced deterioration of the sample during analysis, 
which is essential for proper quantitative analysis . 
The possibility of quantitative trace element 
determination using micro PIXE analysis is the most 
important property of the proton-microprobe, and in 
biological applications it is therefore essential to stress 
this fact. The development of adequate reference 
material, which may be certified on a micrometer scale, 
would be a very important step forward in biological 
microanalysis in general. 
With this selective review of present day proton-
probe analysis we have demonstrated that PIXE and 
PMP are excellent tools for the analysis of the 
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physiological status in tissues and cells. With the 
further advantages of scanning systems, such as higher 
sensitivity due to minimized beam damage, higher 
spatial resolution, and element mapping, the feasibility 
of the sensitive trace analysis of PIXE will be 
enormously advanced. 
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Discussion with Reviewers 
G Legge: Could you, as a biologist and user of such 
instruments, comment on the value to you or your field, 
of the several microprobes now available - electron , 
proton or high energy ion, sputter or low energy ion 
(SIMS), X-ray, laser etc.? 
Authors: Your question actually requires a comparative 
review on the subject of microprobes in biology . It is 
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possible, however, to pinpoint a few generalized require-
ments on the technique of analysis from the biological 
point of view. The main difficulty in the analysis of 
biological specimens is the inherent variability of ele-
mental concentrations in any normal (or for that matter 
pathological) tissue. More often than not, this variation 
is greater than the uncertainty in the actual measuring 
process . Thus, a number of samples will have to be 
analyzed before conclusive data can be obtained, which 
means that the time and cost factors will play important 
roles. 
When subcellular compartments are to be analyzed 
they represent discrete and unique volumes and therefore 
the method should give valuable information at the first 
visit to each point (volume) analyzed. Very few tech-
niques are non-destructive in the true sense of the word, 
hence this requirement. 
There is no doubt that the microprobes will play an 
increasingly important role in the study of physiological 
and pathophysiological changes in the biological tissues. 
The new techniques are presently a bit hampered by the 
lack of precise, normal, quantitative elemental data from 
the cellular level of many tissues. Available data are 
often bulk data (c.f. 16). Particularly in tissues where 
the cells are differentiated into several cellular strata, 
e.g., epithelia, hair etc. , present 'normal' quantitative 
data are of restricted value . 
J.L. Abraham: Please present some graphs of the 
spatial resolution of PIXE versus EDXA comparing with 
section thickness for example. Could you comment also 
on the sensitivity to elements versus atomic number for 
PIXE compared to EDXA etc. 
Authors: In general, the spatial resolution of the EMP 
in sections is of the same order of magnitude as the sam-
ple thickness; to achieve a 100 nm resolution the sample 
must be no more than 100-200 nm thick. If the thick-
ness of the sample is increased, e.g., to increase the 
signal, the electron beam is spread out in a pear-shaped 
manner and the high spatial resolution theoretically pos-
sible with the EMP will be lost. The PMP on the other 
hand has a typical spatial resolution of a few microme-
ters when used for analytical purposes, e.g., PIXE. 
This resolution is mainly dependent on the beam diame-
ter and is maintained as the beam penetrates deeper into 
the sample, since protons are not scattered by the spec-
imen to the same extent as electrons. Please see ref. 23. 
J.L. Abraham: Could you provide for comparison 
examples with tabular presentation with SEM/EDXA of 
the same type of specimens? 
Authors: This is only partly within the scope of this 
paper . The number of direct comparisons of the two 
techniques on biological specimens is actually quite 
small; we refer you to references 9 and 25 as examples. 
